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Gene therapyThe effects of lipid compositions on their physicochemical properties and transfection efﬁciencies were investi-
gated. Four liposome formulations with different 1,2-dioleoyl-3-trimethylammoniumpropane (DOTAP) to
dioleoylphosphatidylethanolamine (DOPE) weight ratios were investigated, that is, weight ratios 1:0 (T1P0),
3:1 (T3P1), 1:1 (T1P1), and 1:3 (T1P3). Mean sizes of liposomes were inﬂuenced by their lipid composition
and the preparation concentration at the time of sonication. Zeta potentials of liposomeswere inversely correlat-
ed with their liposome sizes. However, neither liposome sizes nor zeta potentials were correlated with transfec-
tion efﬁciency. The optimum composition of liposomes was cell-line dependent (T1P0 and T3P1 for Huh7 and
AGS, T3P1 and T1P1 for COS7, and T1P1 and T1P3 for A549). The shape of lipoplexes was changed from lamellar
to inverted hexagonal structure according to the increased ratio of DOPE, but there was no deﬁnite advantage of
speciﬁc structure in transfection efﬁciency throughout all used cell lines. However, cellular internalization was
consistently faster in T1P0, T3P1, T1P1 compared to T1P3 in all cell lines, suggesting the importance of endosomal
escape. Our ﬁndings show that the transfection efﬁciency of DOTAP liposomes ismainly inﬂuenced by lipid com-
position and cell type, and not by size or zeta potential.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Cationic liposomes have been investigated for various applications
in gene therapy [1–3]. Although the chemistry of cationic lipid carriers
is moving rapidly, understanding of gene delivery, including endocytot-
icmechanisms, at the biological level needsmore study to overcome the
hurdles of gene delivery [4]. For this reason, many studies have been
conducted recently to understand relationships between physicochem-
ical properties of liposomes and transfection efﬁciencies [5–8].
The features of liposomes are strictly related to the chemical proper-
ties of the cationic and neutral lipids used for their preparation. Cationic
liposomes spontaneously associate with negatively charged DNA, and
thereby form lipoplexes, which is the ﬁrst step in the transfection process.
Several factors, such as lipoplex size and zeta potential, are known to de-
termine the transfection efﬁciencies of delivery vehicles. Some studies
have shown that lipoplex size is a critical determinant of transfection efﬁ-
ciency [9,10], and in recent studies, lipoplex size has been reported to be
more critical for transfection than zeta potential [11,12] and large lipid
particles were to be more efﬁcient in transfection than smaller particles
[11,13,14]. However, some failed to show a conclusive relationship be-
tween lipoplex size and transfection efﬁciency [15,16]. Zeta potentialprovides an indirect method of measuring the surface charges of lipo-
some, and importantly inﬂuences the transfection efﬁciencies of cationic
liposomes [17]. Zeta potentials are used widely to physically characterize
particle charge at the plane of shear. Although published reports showed
some associations between zeta potential and in vitro transfection [18],
no deﬁnitive correlation exist between them [19]. Lipid composition
also importantly inﬂuences transfection efﬁciency. For example, the
neutral lipid dioleoylphosphatidylethanolamine (DOPE) aided 1,2-
dioleoyl-3-trimethylammoniumpropane (DOTAP) transfection, whereas
dioleoylphosphocholine (DOPC) suppressed transfection [20,21]. In addi-
tion, one of the most important factors inﬂuencing gene delivery is the
shape of the lipid–DNA complex [22,23]. Lipoplexes can be arranged
into lamellar [24] or inverted hexagonal [25] phases depending on
DOTAP/DOPE ratio [26]. The relatively high transfection efﬁciency of
DOPE-based formulations has been suggested to be due to the fusogenic
effects of non-lamellar phase formation in lipoplexes [27]. On the other
hand, recent studies have reported that internalization and transfection
efﬁciency are cell-line dependent [28,29]. However, these studies show-
ing cell-line dependency used only one type of carrier, so itmay beworth-
while to compare the transfection efﬁciencies of liposomes with different
physicochemical properties in several cell lines. For this purpose, we
chose DOTAP because enormous amount of data on DOATP and related
molecules can provide clues regarding the biophysical, structural, and bi-
ological mechanism of transfection by cationic lipids [30–32].
1997B.-K. Kim et al. / Biochimica et Biophysica Acta 1848 (2015) 1996–2001Therefore, we analyzed the transfection efﬁciencies of DOTAP lipo-
somes with four different lipid compositions in A549, AGS, Huh7, and
COS7 cell lines. In addition, we prepared liposomes of different sizes
and zeta potentials by sonication of liposomes at ﬁve concentrations.
Relationship among lipid compositions, shape of the lipid–DNA com-
plex, liposome size and zeta potential were analyzed, and the effects
of these factors in transfectionwere investigated in these four cell-lines.2. Materials and methods
2.1. Cell line and cell culture
Huh7 (human hepatocarcinoma), COS7 (African green monkey kid-
ney), A549 (human lung carcinoma) and AGS (human stomach adeno-
carcinoma) cell lines were obtained from the Korean Cell Line Bank.
Cells were grown at 37 °C in DMEM (Welgene Inc., Korea) for Huh7
and COS7, or RPMI 1640 (Welgene Inc., Korea) for A549 and AGS, both
supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100
units/ml penicillin, and 100 μg/ml streptomycin. The cells were main-
tained in a humidiﬁed 5% CO2 incubator at 37 °C. Cell culture reagents,
including FBS, were purchased fromWelgene (Korea).2.2. Liposome preparation
The neutral lipid DOPE (1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine, Sigma, USA) and the cationic lipid DOTAP (N-[1-(2,3-
dioleoyloxy)propyl]-N,N,N-trimethylammonium chloride, Sigma, USA)
were dissolved in chloroform. The lipid solutions weremixed in required
ratios and the solvent was evaporated under vacuum overnight to leave
lipid ﬁlms. To investigate relationships between preparation concentra-
tions, lipoplex structures, and physicochemical properties, four liposome
formulations with different DOTAP:DOPE weight ratios (1:0 (T1P0), 3:1
(T3P1), 1:1 (T1P1), and 1:3 (T1P3)) were prepared in ﬁve different con-
centrations from 0.5 to 14 mg/ml. The appropriate amount of Milli Q
water (Biocel equipment, Millipore, U.S.A.) was added to dried lipid
ﬁlms to concentrations of from 0.5 mg/ml to 14 mg/ml and incubated at
4 °C overnight to allow liposome formation. To form small unilamellar
vesicles, liposome solutions were vortexed for 1 min and then sonicated
at 40 °C for 20 min. The liposomes obtained were stored at 4 °C prior to
use.2.3. Preparation of plasmid DNA
pcDNA-Luc, a plasmid of 5.149 kb containing the ﬁreﬂy luciferase re-
porter gene sequence was obtained from Welgene (Korea). DNA plas-
mids were ampliﬁed in Escherichia coli XL1-Blue strain and puriﬁed
using a maxi-kit (Qiagen Inc., USA), according to the manufacturer's in-
structions. DNA purity was determined by agarose gel electrophoresis
and measuring optical density (OD). DNA with an OD260/OD280 ratio
of ≥1.8 was used in this study.2.4. Size and zeta potential measurements
All size and zeta potential measurements were determined at 25 °C
by dynamic light scattering on a Zetasizer Nano ZS (Malvern, UK), at a
liposome concentration of 100 μg/ml in Milli Q water. For lipoplex size
measurements, plasmid DNA and liposome solution at a weight ratio
of DNA/liposome (1:7) were diluted to a ﬁnal volume of 100 μl in Milli
Q water, and then incubated for 15min. Data were analyzed using soft-
ware suppliedwith the Zetasizer, and results represent the average of at
least three different measurements per run for more than 10 runs car-
ried per sample.2.5. Solution SAXS measurements
Small-angle X-ray scattering (SAXS)measurements were carried out
using the 4C SAXS II beamline (BL) of the Pohang Light Source II (PLS II)
with 3 GeV power at the Pohang University of Science and Technology
(POSTECH), Republic of Korea. A light source from an In-vacuum
Undulator 20 (IVU20: 1.4 m length, 20 mm period) of the Pohang Light
Source II storage ringwas focusedwith a vertical focusing toroidalmirror
coatedwith rhodiumandmonochromatizedwith a Si (111) double crys-
tal monochromator (DCM), yielding an X-ray beam wavelength of
0.734 Å. The X-ray beam size at the sample stage was 0.2 (V) × 0.6
(H) mm2. A two-dimensional (2D) charge-coupled detector (Mar USA,
Inc.) was employed. A sample-to-detector distance (SDD) of 2.00 m for
SAXS was used. The magnitude of scattering vector, q = (4π/λ) sin θ,
was 0.13 nm−1 b q b 3.25 nm−1, where 2θ is the scattering angle and
λ is the wavelength of the X-ray beam source. The scattering angle was
calibrated with polyethylene-b-polybutadiene-b-polystyrene (SEBS)
block copolymer standard. We used quartz capillary with an outside di-
ameter of 1.5 mm and wall thickness of 0.01 mm, as solution sample
cells. All scattering measurements were carried out at 25 °C. The SAXS
data were collected in 10min. Measurements of DNA–cationic liposome
complexes solutions were carried out over a small concentration range
1.0–3.0 mg/mL. Each 2D SAXS pattern was radial averaged from the
beam center and normalized to the transmitted X-ray beam intensity,
which was monitored with a scintillation counter placed behind the
sample. The scattering of distilled water was used as the experimental
background.
2.6. In vitro transfection
pcDNA-Luc was used at a concentration of 0.3 μg/well unless speci-
ﬁed otherwise. A liposome solutionwas prepared separately by diluting
2.1 μg of the initial liposomal stock solution with transfection optimiz-
ingmedium (TOM,Welgene, Korea) to a ﬁnal volume of 25 μl. To this li-
posome solution, 25 μl of the DNA stock solution was added. This
lipoplex solution was incubated for 15 min at room temperature.
Lipoplexes were tested for their ability to transfer DNA into Huh7,
COS7, A549, and AGS cells. Twenty-four hours prior to transfection,
the cells were transferred to 48-well culture plates at a density of
30,000 cells/well for Huh7 and COS7, 40,000 cells/well for A549, or
50,000 cells/well for AGS. Thirty minutes before transfection, the medi-
umwas removed and the cells from eachwell were brieﬂywashedwith
100 μl of sterile phosphate-buffered saline (PBS); then 150 μl of TOM
was added to each well. Lipoplex solution (50 μl) was then added to
eachwell, and plates were incubated for 4 h. An additional 200 μl of me-
dium (20% FBS) was then added to each well to achieve a ﬁnal serum
concentration of 10%, and plates were incubated for a further 24 h. To
compare the transfection efﬁciencies of synthesized DOTAP and com-
mercial DOTAP (Roche Molecular, Germany), commercial DOTAP was
also tested at a weight ratio of DNA/liposome (1:7), according to the
manufacturer's instructions.
2.7. Luciferase assay
Twenty-four hours after transfection, medium was aspirated and
wells were washed twice with 200 μl of ice-cold PBS. 1× reporter lysis
buffer (100 μl; Promega Corp., USA) was then added per well and cells
were lysed for 1 h in an ice tray. Lysates were completely collected
into Eppendorf tubes and centrifuged (15,000 g, 4 °C) for 5 min. Super-
natants were transferred to Eppendorf tubes in ice and used for lucifer-
ase and protein assays. For luciferase assays, 20 μl of cell lysate was
transferred to a white opaque 96-well plate and luciferase activity
were measured using a LMax II 384 luminometer (Molecular Devices
Corp., USA) and a luciferase assay kit (Promega Corp., USA). Protein con-
tents were quantiﬁed using a bicinchoninic acid (BCA) assay (PIERCE,
USA), according to the manufacturer's instructions. Brieﬂy, 40 μl of cell
Table 1
Structural parameters obtained from the SAXS data of DNA–cationic liposome complexes
in solution.
Sample dlamellara (nm) dDNAb (nm) Conformation
T1P0 5.9 – Lamellar
T3P1 6.2 – Lamellar
T1P1 6.4 5.8 Lamellar & hexagonal
T1P3 – 5.9 Hexagonal
a The periodic distance of the lamellar structure (dlamellar) was calculated from the
Bragg relationship.
b The distance between DNA helixes (dDNA) was calculated from the Bragg relationship.
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heated for 1 h at 37 °C. Light absorption was then read at 562 nm
using a DU-600 spectrophotometer (Beckman Coulter, USA), and pro-
tein contentwas estimated versus bovine serum albumin standards. Lu-
ciferase efﬁciency was normalized with respect to protein content and
expressed as relative luminescence units/μg of protein (RLU/μg protein).
2.8. Cellular internalization of DNA–liposome lipoplexes
Liposomesweremixedwith 1%NBD-DOTAP,whichwas synthesized
according to a method previously reported [33], and vortexed for 1 min
and then sonicated at 40 °C for 20 min. To observe cellular internaliza-
tion of lipoplexes, cells were transfected for 2 h with and DNA–NBD la-
beled liposome complex. For ﬂow cytometry, cells were harvested by
treatment with trypsin/EDTA solution (Gibco) containing 75 mM sodi-
um azide. Analysis was performed using a Canto II ﬂow cytometry in-
strument (Becton-Dickinson, New Jersey, USA).
2.9. Statistical analysis
The statistical signiﬁcances of difference between groups were eval-
uated by one-way ANOVA and Tukey's post hoc test. Asterisks indicate
statistically signiﬁcant differences (p b 0.05).
3. Results and discussions
3.1. Optimal lipid compositions for transfection were cell-line dependent
To determine the effect of lipid composition on transfection efﬁcien-
cy, four DOTAP/DOPE liposomes (T1P0, T3P1, T1P1, T1P3) were treated
to the four cell-lines (Fig. 1). In Huh7 and AGS cells, T1P0 and T3P1
showed higher luciferase activities than T1P1 or T1P3. However, inFig. 1.Transfection efﬁciency of DOTAP liposomeswith four different lipid compositions in
Huh7 (A), AGS (B), COS7 (C), and A549 cells (D). Four lipid compositions of different
DOTAP:DOPE weight ratios were subjected to an in vitro luciferase assay. Weight ratios
of DOTAP to DOPE were 1:0 for T1P0, 3:1 for T3P1, 1:1 for T1P1, and 1:3 for T1P3. The
N/P weight ratio was 7 for all experiments, and 0.3 μg DNAwas used per well. Bars repre-
sent the means ± SDs of three experiments. *p b 0.05.COS7 cells, transfection efﬁciencies of T3P1 and T1P1 were higher
than those of T1P0 and T3P1. In A549 cells T1P1 and T1P3 had higher
transfection efﬁciencies than T1P0 or T3P1. These results might imply
that a speciﬁc cell lines can favor certain lipid compositions for optimal
conditions in gene delivery. Previous studies on transfection efﬁciency
have shown that DOPE aided transfection in mixtures of DOTAP and
neutral lipids, typically atweight ratios of between 1:1 and 1:3,whereas
DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) markedly sup-
pressed transfection [20,21], suggesting that inverted hexagonal
lipoplexes transfect more efﬁciently than lamellar lipoplexes. On the
contrary, several studies have suggested that lamellar structure of
DOTAP is more efﬁcient at transfection than inverted hexagonal forma-
tion [34,35]. Therefore, we observed the morphological differences
among four DNA–liposome complexes.3.2. The shape of DNA–liposome complexes did not determine transfection
efﬁciency
To understand the self-assembly behavior and to investigate the
structure of DNA–cationic liposome complexes with various cationic
to neutral lipidweight ratio in an aqueous solution,we utilized synchro-
tron small-angle X-ray scattering (SAXS) technique. Synchrotron SAXS
measurements of DNA–cationic liposome complexes were carried out
at 25 °C in distilledwater condition. The structural parameters obtained
are listed in Table 1. As shown in Fig. 2, the X-ray scattering pattern for
T1P0 exhibited the peak-position ratio of 1:2, which is characteristic of
the lamellar phase. The X-ray scattering pattern for T3P1 exhibited sim-
ilarity, in its overall pattern, to that of the T1P0, although there are some
variations in the periodic distance of the lamellar structure. New strong
hexagonal structure-related peak pattern for T1P1 appeared in the la-
mellar phase region. From this observation, we found that T1P1 exist
in a mixture form of the lamellar and hexagonal phases. We found out
that T1P3 exist completely in the hexagonal phase, as indicated by the
peak-position ratio of 1:√3:2. The SAXS pattern shows higher-order
peaks up to the third order, indicating that thehexagonal phase is highly
ordered. Collectively, our observations indicate that DNA–cationic lipo-
some complexes undergo a major conformational change from the la-
mellar to hexagonal phase with the amount of neutral lipid added.
Intriguingly, T1P0 and T3P1whichwere proven as lamellar structure
showed better transfection efﬁciency in Huh7 and AGS. In AGS, T1P1
having mixed structure and T1P3 having inverted hexagonal structure
showed more luciferase activities compared to T1P0 and T3P1. There-
fore, we could not conclude that one speciﬁc structure has superior
property than the other. In addition, lamellar structured T3P1 and
mixed structured T1P1 exhibited signiﬁcantly enhanced gene delivery
compared to T1P0 and T1P3 in COS7 cells. To know whether these re-
sults are derived from different cellular internalization of four lipo-
somes, the amount of internalization of NBP-labeled liposomes mixed
with plasmid DNA was measured 2 h after transfection by ﬂow cytom-
etry. Interestingly, T1P0, T3P1 and T1P1 showed similar internalized
signal in all cell lines, but the intensity of T3P1 was consistently lower
(Supplementary Fig. 1). Therefore, it could be interpreted that ﬁnal
expression levels were determined not by internalization but by
Fig. 2. SAXS proﬁles of DNA–cationic liposome complexes as a function of different cation-
ic to DOPE weight ratio at room temperature. For clarity, each plot is shifted along the log
I(q) axis.
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been known by several studies [36,37].3.3. Physicochemical properties of liposomes were changed by preparation
concentration
Although lipid composition and cell-line dependent transfection ef-
ﬁciencywere determined in the present study,wewanted to determine
the effects of other factors, such as, size and zeta potential, on transfec-
tion efﬁciency. In the preliminary study, we found that sonication of
different preparation concentrationsmight produce liposomes of differ-
ent sizes with the same lipid compositions, so we prepared variousFig. 3. Sizes of DOTAP:DOPE liposomes with four different lipid compositions at various
preparation concentrations (mg/ml). Four lipid compositions were prepared (1:0 for
T1P0, 3:1 for T3P1, 1:1 for T1P1, and 1:3 for T1P3) in ﬁve concentrations from 0.5 to 14
mg/ml. Results are presented as themeans± SDs of at least three differentmeasurements
per sample.liposomes by sonicating the four lipid compositions at ﬁve concentra-
tions. As shown in Fig. 3, liposome size was inﬂuenced by both lipid
composition and preparation concentration. Sonication formed lipo-
somes with sizes ranging from 88.1 to 789.8 nm, and liposome sizes
with the same lipid compositions differed at different preparation
concentrations.
T1P0 and T3P1 which are mainly composed of cationic lipids,
showed a broader size distribution than T1P1 or T1P3. DOPE is known
to inﬂuence the packing of the lipid bilayer structure as a function of
the environment, and hence, can provide fusogenic properties [27,38].
Fusogenic features may promote the deformation of uni- or multi-la-
mellar vesicles and promote a smaller size. Therefore, T1P3 might
show a narrower size distribution. Despite their same lipid composition,
zeta potentials of liposomes made at different preparation concentra-
tions showed different values, and showed a strong inverse correlation
with liposome size in the range of 43.2–52.4mV (Fig. 4 and Supplemen-
tary Table 1).
3.4. Lipid compositions was main inﬂuencing factor for transfection
efﬁciencies
We investigated cell-line dependent transfection efﬁciencies using
liposomes of different sizes and zeta potentials. T1P0 and T3P1 had
higher transfection efﬁciencies than T1P1 or T1P3, which had greater
weight ratios of DOPE, in Huh7 cells (Fig. 5A). Transfection efﬁciencies
were found to be determined mainly by lipid compositions regardless
of particle size or zeta potential. In COS7 cells, T3P1 and T1P1 consistent-
ly showed higher transfection efﬁciencies than others (Fig. 5B). T1P3
showed consistently lower transfection efﬁciencies regardless of their
size or zeta potential. These results show the importance of lipid compo-
sition on transfection efﬁciency. In addition, our data also show that
transfection efﬁciencywas deﬁnitely cell-line dependent. It is common-
ly accepted that efﬁcient transfection requires optimal interaction be-
tween plasmid DNA and cationic liposomes, which should contain
sufﬁcient amount of cationic lipids to guarantee complete DNA com-
plexation [39]. By comparison, the transfection efﬁciencies of DOPE con-
taining complexes are known to be independent of membrane charge
density, the universal parameter that governs the transfection efﬁciency
behavior of lamellar structures for in vitro transfection [26]. However,
our results showed that transfection efﬁciency was cell-line dependent
and each cell-line had a favored lipid composition or lipoplex structure.
Although we could conclude that lipid composition primarily deter-
mined transfection efﬁciency,wemeasured the sizes and zeta potentials
of lipoplexes composed of liposome and plasmid DNA to probe the rela-
tionship between physical properties and transfection efﬁciencies.
Many studies on lipoplex structures in the presence of DNA have
shown that liposomes are reorganized by associating with DNA [34,40,
41]. Lipoplex size is generally increased rather than that of liposome
[19,35,42,43]. Lipoplex size distributions followed the pattern observedFig. 4. Correlations between the sizes and zeta potentials of four different lipid composi-
tions at various preparation concentrations. Weight ratios of DOTAP:DOPE were 1:0 for
T1P0, 3:1 for T3P1, 1:1 for T1P1, 1:3 for T1P3. (r2 = 0.8754, p = 0.0194).
Fig. 5. Transfection efﬁciencies of DOTAP:DOPE liposomeswith four different lipid compo-
sitions in Huh7 (A) and COS7 cells (B). Four lipid compositions (1:0 for T1P0, 3:1 for T3P1,
1:1 for T1P1, and 1:3 for T1P3) were used to determine in vitro transfection efﬁciencies
using a luciferase assay. The N/P weight ratio was 7 for all experiments, and 0.3 μg DNA
was used per well. Bars represent the means ± SDs of three experiments.
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lipoplex showed a narrow distribution (Table 2). In T1P0, small lipid
particles (b200 nm) were upsized and large ones (N500 nm) were
downsized by associating with DNA. Although the size distribution of
lipoplexes was narrower than that of liposomes for T1P0, ~500 nm
size difference remained between the largest (726 nm) and the smallest
(204 nm) liposomes. Therefore, reorganization of liposome and DNA
cannot explain the composition dependent transfection efﬁciency ob-
served in this experiment. Our ﬁndings show that the transfection efﬁ-
ciencies of DOTAP/DOPE liposomes are mainly inﬂuenced by lipid
composition or lipoplex structures and cell-line type, but not by size
or zeta potential. These results are consistent with those of a recent
study, in which it was concluded that cationic lipid composition is
more important for in vitro transfection than the type of colloidal struc-
ture [42]. On the whole, we propose that liposome lipid compositions,Table 2
Mean sizes of DOTAP liposomes (T1P0 and T1P3) and lipoplex (liposome + DNA) at different
Formulation Preparation concentration (mg/ml)
0.5 1
Liposome
T1P0 173.8 ± 9.90 866.7 ± 37.97
T1P3 303.8 ± 9.12 621.8 ± 16.05
Lipoplex (liposome + DNA)
T1P0 262.4 ± 11.52 537.9 ± 25.74
T1P3 285.7 ± 1.56 447.8 ± 13.29
Weight ratios of DOTAP:DOPE were 1:0 for T1P0 and 1:3 for T1P3. Results are presented as theand cell type largely determine transfection efﬁciencies. An attempt to
examine optimal structure or physicochemical property of DOTAP/
DOPE liposome and lipoplex for in vitro transfection wasmade, and ad-
ditional studies are necessary to extend our ﬁnding to other conditions.
From a molecular structure to in vivo application, there remain the nu-
merous interplays to be solved and these scattered parameters and bio-
logical factors should be considered to properly understand their
interrelationships. Besides lamellar and inverted hexagonal structures
of DOTAP/DOPE liposome, it is well known that PC (phosphatidylcho-
line) liposomes including DOPC formulated the intercalated hexagonal
structurewhere DNA rods are covered by three honeycombs of lipidmi-
celles that are arranged on a hexagonal lattice. The remaining interstitial
space isﬁlledwith the cationic headgroups,water, and counterions [44].
Also, unilamellar liposome of DPPC with DNA and divalent cation, such
as calcium, magnesium and barium, formed highly ordered structure,
and the divalent cation acts as the cement for complexation [45,46]. In
addition, these lipoplexes are faced with surrounding proteins, such as
serum and other biological ﬂuids and formed a new structure, protein
corona or biomolecular corona, according to their physicochemical
property. The corona structure was revealed as an important factor in
nanoparticle uptake [47–49]. Unfortunately, our results were collected
in DOTAP/DOPE liposome and serum free condition. In addition, we
could not analyze the cellular lipid composition of target cells. There-
fore, we could not knowwhether the difference of cellular lipid compo-
sition was related the difference of transfection efﬁciency between
hexagonal structure and lamellar structure in these cells. Although we
found that intracellular events were more important in determining
the transfection efﬁciency, the study of intracellular trafﬁcking through
early endosome, late endosome and lysosome using ﬂuorescence la-
beled oligonucleotide instead of plasmid DNAwould providemore me-
chanical insight. These issues should be addressed in our next study.4. Conclusions
The present study shows that optimal liposome compositions dif-
fered for the four cell lines examined. Furthermore, the mean size of li-
posomes prepared by sonication was inﬂuenced by lipid composition
and preparation concentration at the time of sonication. The zeta poten-
tials of liposomes were found to be inversely correlated with liposome
size, but no relationship was observed between either and transfection
efﬁciency. In fact, broad size distribution (88.1 nm–789.8 nm) achieved
using different lipid composition showed minimal effects on transfec-
tion efﬁciency. The shape of lipoplexes was changed from lamellar to
inverted hexagonal structure according to the increased ratio of DOPE,
but no deﬁnite advantage in speciﬁc structure in transfection was
found. However, cellular internalizations were consistently faster in
T1P0, T3P1, T1P1 compared to T1P3 in all cell lines suggesting the im-
portance of endosomal escape. Our ﬁndings show that the transfection
efﬁciency of DOTAP liposomes was mainly inﬂuenced by interactions
between components of liposomes and cell membranes, but not by
size or zeta potential.preparation concentrations.
3 7 14
160.0 ± 22.84 1042.5 ± 50.20 151.0 ± 7.85
537.5 ± 22.56 359.4 ± 44.19 372.9 ± 34.29
284.7 ± 20.29 726.0 ± 31.47 264.1 ± 19.30
349.9 ± 1.41 203.8 ± 3.68 282.7 ± 4.38
means ± SDs of at least three measurements per sample.
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